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Regulation of Hyperpolarization-Activated
HCN Channels by cAMP through
a Gating Switch in Binding Domain Symmetry
channel symmetry (Schumacher et al., 2001; Sun et al.,
2002; Kuo et al., 2003).
Despite these insights, little is known about the func-
tional contributions of such structural interactions to
activation gating. Moreover, we lack basic knowledge
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of the functional stoichiometry of ligand gating for most722 West 168 Street
channels, including the energetic contribution that eachNew York, New York 10032
individual ligand binding event provides toward activa-
tion. Does binding of each successive ligand make an
equal and independent energetic contribution to open-
ing? Or do interactions among subunits introduce coop-
Summary erativity? Despite the fundamental nature of these ques-
tions, direct experimental answers are lacking. Previous
Recent X-ray structures show that the binding do- studies investigated some of these functional issues for
mains of tetrameric ligand-gated channels form either the pentameric nicotinic ACh receptors (Labarca et al.,
a 4-fold symmetric gating ring or a 2-fold symmetric 1995) and the tetrameric cyclic nucleotide-gated (CNG)
dimer of dimers. To determine how such structures channels (Ruiz and Karpen, 1997; Liu et al., 1998; Ruiz
function to coordinate the binding of multiple ligands and Karpen, 1999), GluR2 AMPA receptors (Rosenmund
during channel activation, we examined the action of et al., 1998), and BK Ca2-activated Kchannels (Niu and
cAMP to enhance the opening of the hyperpolariza- Magleby, 2002). However, the indirect methods used to
tion-activated HCN2 channels, whose cytoplasmic C determine the number of bound ligands required certain
terminus forms a gating ring in the presence of cAMP. untested assumptions and have led to contradictory
Using tandem dimers and tetramers in which cAMP results.
binding to selected HCN2 subunits was prevented by Here we have overcome previous limitations by taking
a point mutation or deletion, we provide the first direct advantage of the unique properties of the HCN pace-
determination of the energetic effects on gating of maker channels (Gauss et al., 1998; Ludwig et al., 1998;
each of four ligand binding events and demonstrate Santoro et al., 1998; Robinson and Siegelbaum, 2003).
the importance of the gating ring for cAMP regulation. These tetrameric channels, members of the six trans-
We suggest that cAMP binding enhances channel membrane segment voltage-gated K channel super-
opening by promoting assembly of the gating ring from family, have the unusual property of being dually gated
an unliganded state in which the four subunits interact by membrane hyperpolarization and cAMP (DiFran-
as a 2-fold symmetric dimer of dimers. cesco and Tortora, 1991). Cyclic AMP enhances channel
opening by binding to a C-terminal cyclic nucleotide
binding domain (CNBD), which relieves a tonic inhibitoryIntroduction
action of the CNBD on gating (Wainger et al., 2001). A
recent X-ray crystallographic study found that a solubleVoltage-gated and ligand-gated channels are multimeric
C-terminal region of HCN2, composed of the CNBD andproteins and so typically contain multiple voltage sen-
C linker (which connects the CNBD to the transmem-sors or multiple ligand binding domains. A key question
brane region), forms a tetrameric gating ring in the pres-since the studies of Hodgkin and Huxley (1952) is, how
ence of cAMP (Zagotta et al., 2003). How the gatingdo individual subunits interact to gate a channel? Ac-
ring coordinates the binding of multiple ligands to thecording to Hodgkin and Huxley, a channel only opens
enhancement of channel opening is unknown.after each subunit undergoes an independent activation
By constructing tandem dimers and tetramers ingating reaction. In contrast, the Monod, Wyman, and
which selected HCN2 subunits contained either a pointChangeux model (Monod et al., 1965) postulates that all
mutation to prevent cAMP binding or a deletion mutationsubunits in a protein undergo a single highly cooperative
to remove selected C-terminal subdomains, we gener-transition from a closed to an open state.
ated channels with a defined ligand stoichiometry andAlthough the functional importance of subunit cooper-
restricted potential for gating ring contacts. In this man-
ativity remains an open question for most channels,
ner, we determined the energetic contribution of each
recent X-ray crystallographic studies have identified two
individual ligand binding event to ligand gating and eval-
architectures for interactions between binding domains uated the importance of gating ring contacts. We found
of ligand-gated channels. In some tetrameric (Jiang et that binding of even a single cAMP molecule was suffi-
al., 2002) and pentameric (Brejc et al., 2001) channels, cient to enhance gating, although maximal enhance-
the binding domains assemble as gating rings that pre- ment required the occupancy of all four CNBDs by li-
serve the respective 4-fold or 5-fold symmetry of their gand. Furthermore, our results indicate that formation
subunit stoichiometry. In contrast, the binding domains of an intact gating ring is necessary for cAMP modula-
or regulatory regions of other tetrameric channels asso- tion. We propose, based on our functional data and
ciate as a dimer of dimers, breaking the underlying 4-fold results from structural studies (Scott et al., 2001; Higgins
et al., 2002; Zagotta et al., 2003), a model in which cAMP
enhances channel opening by promoting assembly of*Correspondence: sas8@columbia.edu
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a 4-fold symmetric gating ring from a state in which from wt HCN2 monomers (Chen et al., 2001). In contrast,
channels formed from dimers in which each CNBD con-subunits interact as a 2-fold symmetric dimer of dimers.
tained the R591E mutation (mut-mut) were unresponsive
to cAMP (Vmax  0.1  0.7 mV, n  5; Figures 1D–1F)Results
but showed normal voltage gating in the absence of
cAMP (V1/2  137.1  2.3 mV, n  6; Figure 1D).This study had two overlapping goals. First, we wished to
Do channels with only two functional CNBDs, formeddetermine the energetic contribution of individual cAMP
from wt-mut dimers, respond to cAMP? Such mutantbinding events to the gating of the tetrameric HCN chan-
channels did indeed show a positive voltage shift withnels. Second, we wished to study the functional impor-
cAMP, although the maximal shift of 8.8  0.3 mVtance for cAMP gating of distinct subdomains observed
(n  9) was slightly less than half the maximal responsein the X-ray crystal structure of the C linkerCNBD region
observed in wt channels (Figures 1G–1I). In contrast toof HCN2 (Zagotta et al., 2003). In particular, we were
the reduction in the cAMP response, the V1/2 of the wt-interested in whether such structures contribute to the
mut channels in the absence of cAMP was similar toenergetics of ligand gating by acting in a subunit-auton-
that of wt channels (Figures 1G–1I; V1/2  141.2  0.8omous manner or whether they exert important intersub-
mV; n  9). A similar effect of cAMP was obtained withunit actions. To approach these questions, we per-
mut-wt dimers, in which the order of wt and mut subunitsformed two types of related experiments. First, we
was reversed (Vmax  8.4  0.4 mV; n  10). Theconstructed channels that were constrained to bind a
concentration-response relationships for these chan-maximum of 0, 1, 2, 3, or 4 cAMP molecules using a
nels revealed a high sensitivity to cAMP, with an EC50minimally disruptive point mutation that prevented li-
(concentration producing half-maximal effect) of 0.1gand binding to the CNBD of defined subunits within a
M, similar to that of wt HCN2 and much greater thantetrameric channel. Second, we compared the gating of
that of channels containing four mutant subunitschannels that contained the point mutation to the gating
(EC50  300 M) (Figure 2).of channels that had a more disruptive C-terminal dele-
The above results have two important implications.tion that both prevented cAMP binding and removed
First, the finding that channels formed by mut-wt and wt-specific C-terminal subdomains. We reasoned that if a
mut dimers have identical responses to cAMP suggestsgiven C-terminal subdomain participates in cAMP gating
that the two subunits in a dimer were reliably incorpo-solely through subunit-autonomous intrasubunit ac-
rated into a fully assembled channel; otherwise, the twotions, its loss should inhibit cAMP gating in a manner
constructs should have shown distinct effects of cAMP.similar to the point mutation. In contrast, if a C-terminal
Second, the HCN channels are most likely tetramerssubdomain makes intersubunit interactions that are im-
with four CNBDs. If the channels were trimers or pentam-portant for cAMP gating, its deletion should result in a
ers, the mut-wt and wt-mut dimers should have gener-significantly greater inhibitory effect on cAMP gating
ated channels with different numbers of wt and mutcompared to the point mutation.
CNBDs, and thus should have differed in their responses
to cAMP.Functional Ligand Stoichiometry
Does the binding of a single cAMP molecule enhance
of HCN2 Channels
channel gating? Do three binding events produce a simi-
To determine the energetic contributions to ligand gat-
lar extent of modulation to that seen in wt channels? To
ing of the binding of each of four cAMP molecules per explore these questions, we constructed tandem tetra-
channel, we constructed fusion proteins of two or four mers consisting of four linked HCN2 subunits. We first
covalently linked HCN2 subunits (tandem dimers and confirmed that tandem tetramers consisting of all wild-
tetramers, see Experimental Procedures) in which cAMP type (wt-wt-wt-wt) or all mutant (mut-mut-mut-mut) sub-
binding to selected subunits was inhibited through mu- units behaved similarly to channels formed from wt or
tation of a conserved arginine in the CNBD to glutamate mut monomers. Thus, wt-wt-wt-wt channels showed
(R591E). We previously showed that this mutation, which normal voltage gating, with a V1/2 of 137.9  1.9 mV
disrupts an electrostatic interaction with the cyclized (n 6), in the absence of cAMP and a maximal response
phosphate of cAMP, reduces the affinity of the HCN2 to cAMP identical to that of wt monomeric and dimeric
CNBD for ligand by more than 3 orders of magnitude channels (Vmax  19.4  0.5 mV; n  7). Channels
(Weber and Steitz, 1987; Tibbs et al., 1998; Chen et al., formed from mut-mut-mut-mut tandem tetramers also
2001). Importantly, this mutation has no effect on voltage showed normal voltage gating in the absence of cAMP
gating in the absence of cAMP, indicating that it does and, as expected, failed to respond to cAMP (Vmax 
not alter the intrinsic energetics of channel gating (Figure 0.07  0.07 mV, n  5, for 30 M cAMP).
1; Chen et al., 2001). Tandem tetramers containing only one functional
Channels formed from tandem dimers consisting of CNBD (mut-mut-mut-wt) showed a small but highly re-
two covalently linked wild-type HCN2 subunits (wt-wt) producible response to cAMP, with a Vmax of 2.8 
functioned normally. The midpoint voltage of activation 0.3 mV (n  6; Figure 2). This was significantly greater
(V1/2) of wt-wt channels in the absence of cAMP was than the effect of cAMP on the mut-mut-mut-mut chan-
140.9  1.9 mV (n  3), identical to that of channels nels (p  0.0003). Channels containing three functional
formed from wt HCN2 monomers. Moreover, the chan- CNBDs (wt-wt-wt-mut; Figure 2) showed a large maxi-
nels showed a maximal facilitatory shift in their V1/2 mal response to cAMP (Vmax  11.7  0.4 mV, n 
(Vmax) in response to saturating concentrations of cAMP 9) that was greater than the response of channels with
(	30 M) of 19.5 0.7 mV (n 7) (Figures 1A–1C and two functional CNBDs, but less than the shift observed
for channels with four wt CNBDs. Both mut-mut-mut-2), identical to the shift observed in channels formed
Cyclic Nucleotide Gating of HCN Pacemaker Channels
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Figure 1. Hyperpolarization-Activated Currents Obtained from Tandem-Linked HCN2 Dimers with Four, Zero, or Two Functional CNBDs
(A) Currents from inside-out patches containing wt-wt dimer channels (with four functional CNBDs per channel) in response to 3 s hyperpolariza-
tions to indicated voltages in the absence of cAMP.
(B) Currents from the same patch in the presence of 30 M cAMP.
(C) Mean tail current amplitudes from experiment shown in the absence (A, closed circles) and presence (B, open circles) of cAMP as a
function of the hyperpolarizing test potential, fitted with a Boltzmann relation. The inset shows currents recorded during 1 s hyperpolarizations
to 135 mV before (0 cAMP) and during (cAMP) application of cAMP.
(D–F) Results from similar experiments are shown for mut-mut dimer channels (zero functional CNBDs per channel).
(G–I) Results for similar experiments for wt-mut dimer channels (two functional CNBDs per channel). In this and all subsequent figures, the
cartoons show the expected arrangement of subunits. Open circles are wt subunits, filled circles are mut subunits. Scale bars indicate 0.2
nA and 0.5 s, except scale bars in insets (0.3 nA and 0.5 s).
Figure 2. Concentration-Response Relations
for V1/2 as a Function of [cAMP]
Solid lines show fits of the Hill equation.
Square symbols indicate data from dimer
constructs. Circles indicate data from tetra-
mer constructs. The expected subunit ar-
rangements for the different constructs are
shown on the right. Values from Hill fits are
as follows. wt-wt dimers: K1/2  0.24 M, h 
0.6 (h is exponent of Hill eqn.); wt-wt-wt-mut
tetramers: K1/2  0.14 M, h  1.1; mut-wt
dimers: K1/2  0.14 M, h  1.3; mut-mut-
mut-wt: K1/2  0.15 M, h  1.0. mut-mut
dimer responses did not saturate up to 3 mM
cAMP and so were not fit.
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Figure 3. Comparison of Channels with Two
Functional CNBDs with trans or cis Arrange-
ments
(A) Currents obtained in the absence of cAMP
during hyperpolarizing steps to the indicated
voltages for trans channels.
(B) trans channel currents in presence of 30
M cAMP.
(C) trans channel tail current activation curves
with Boltzmann fits in the absence (closed
circles) and presence (open circles) of cAMP.
The inset shows current traces during 1 s
hyperpolarizing steps in absence and pres-
ence of cAMP.
(D–F) Tail currents and Boltzmann fits for cis
channels. Scale bars equal 0.2 nA and 0.5 s.
Inset scale bars equal 0.4 nA and 0.5 s.
wt and wt-wt-wt-mut channels displayed a normal high tant, are they 4-fold symmetric, as expected for a tetra-
meric gating ring, or 2-fold symmetric, as expected forsensitivity to cAMP, with EC50 values of 0.1–0.2 M (Fig-
ure 2). Thus, cAMP sensitivity remained unchanged, re- a dimer of dimers? Although our primary approach to
such questions comes from an analysis of deletion mu-gardless of whether an HCN2 channel contained 1, 2,
3, or 4 functional CNBDs, although Vmax varied. These tants, initial insight into such questions was obtained
by comparing the effects of cAMP on the gating of theresults provide a strong argument that the effects of
cAMP on channels containing one or more mutant sub- two types of channels that can be formed from two wild-
type and two R591E subunits: in one type of channel,units do not contain a contribution from binding to the
R591E subunits; otherwise, cAMP sensitivity should identical subunits lie diagonally opposite to each other
(trans arrangement); in the other type of channel, identi-have decreased as the number of mutant subunits in-
creased. cal subunits lie next to each other (cis arrangement). If
cAMP gating is subunit autonomous or depends onThe observation that channels with a single functional
CNBD (mut-mut-mut-wt) were significantly more re- 4-fold symmetric interactions, cis and trans channels
should function identically. We generated trans chan-sponsive to cAMP than channels with no functional
CNBDs (mut-mut-mut-mut) indicates that all four sub- nels from tandem constructs with alternating wt and
units of a tandem tetramer were reliably incorporated mutant subunits (e.g., wt-mut or wt-mut-wt-mut). We
into a functional channel and confirms that HCN chan- generated cis channels from tandem tetramers with like
nels are tetramers. Further support for these conclu- subunits adjacent (mut-mut-wt-wt).
sions comes from our finding that tandem tetramers Although trans channels (e.g., wt-mut-wt-mut) re-
with alternating wt and mut subunits (wt-mut-wt-mut) sponded to cAMP with a Vmax of 8–9 mV (Figures 3A–
yielded channels with a Vmax of 8.9  0.3 mV (n  7), 3C), cis channels displayed a Vmax that was only5.2
identical to that of wt-mut or mut-wt dimer channels 0.2 mV (n  6; Figures 3D–3F), significantly less than
(Figures 3A–3C). Together, these results demonstrate the response of the trans channels (p  0.0003). How-
that the tandem constructs provide an internally consis- ever, the cis channels exhibited a normal high sensitivity
tent and reliable approach to determining the functional to cAMP (K1/2  0.3 M) and normal voltage gating in
stoichiometry of ligand gating. the absence of cAMP. We thus conclude that cAMP
gating requires subunit interactions that are not strictly
4-fold symmetric.Importance of Subunit Interactions
in cAMP Gating The dependence of Vmax on the number of functional
CNBDs per channel and subunit arrangement is summa-Is cAMP gating subunit autonomous or does it require
subunit interactions? If subunit interactions are impor- rized in Figure 4. There is a progressive increase in Vmax
Cyclic Nucleotide Gating of HCN Pacemaker Channels
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units of a channel undergo a single concerted transition
from a closed to an open state. Binding of ligand to each
subunit provides an equal and independent energetic
contribution to enhance channel opening. As shown in
Figure 4A, our experimental data deviated from the linear
predictions of this model, which also failed to predict
the difference between cis and trans channels. Next, we
investigated the Hodgkin-Huxley (HH) model (Figure 4B),
which postulates that channel opening requires that all
four subunits undergo an independent activation reac-
tion (Hodgkin and Huxley, 1952). This model also failed
to adequately describe the data and failed to predict
the difference between cis and trans channels.
In contrast, a 2-fold symmetric dimer of dimers model,
previously used for CNG channels (Liu et al., 1998), pro-
vided a good description of the data (Figure 4C). In this
hybrid of the MWC and HH schemes, the two subunits
within a dimer undergo a concerted transition from a
resting to an activated state, similar to the MWC model.
However, like the HH model, each dimer activates inde-
pendently of the other dimer, and both dimers must
activate for a channel to open. Within a dimer, we as-
sume that ligands bind equally and independently to
each subunit to stabilize the open state. Importantly,
the model predicts that trans channels should exhibit a
greater response to cAMP than cis channels. This is
because each dimer of a trans channel will contain one
functional CNBD and so will have its activation reaction
enhanced by cAMP binding. In cis channels, by contrast,
the one dimer with two mutant CNBDs that fails to bind
any cAMP provides a limiting energetic barrier that re-
duces the overall probability of channel opening.
Are Gating Ring Interactions Required for cAMP
Action or Tonic Inhibition?
We next sought to determine the energetic contributions
of individual structural components of the ligand-gating
machinery and whether such structures act in a subunit
autonomous manner or interact with neighboring sub-Figure 4. Comparison of Predictions of Three Different Gating Mod-
els with Experimental Data units. To examine the importance of C-terminal subdo-
Vmax values (30–300 M cAMP) are shown for channels containing main interactions in cAMP gating, we disrupted the
0, 1, 2, 3, or 4 functional CNBDs. Values obtained with dimer con- 4-fold symmetry of the channels by constructing a series
structs are shown as open squares, tetramer constructs as closed of HCN2 channels with stop codon insertions that intro-
circles. Channels with two functional CNBDs show different shifts
duced progressive C-terminal truncations in two out offor cis and trans arrangements.
the four subunits per channel. These truncations re-(A) Prediction of the MWC model (X shows calculated points, con-
sulted in progressive loss of the following three struc-nected by solid line).
(B) Predictions of the Hodgkin-Huxley model (solid line). tures (together with all sequence C-terminal to the stop
(C) Predictions of the dimer of dimers model (solid lines). Note differ- codon): (1) the C helix of the CNBD (wt-C
; Y618-stop),
ence in predictions of model for cis and trans channels containing (2) the entire CNBD (wt-CNBD; V562-stop), and (3) the
two functional CNBDs.
C linker (wt-Cterm; D443-stop) (see Experimental Proce-
dures; Figure 6A).
We first examined the role of the C helix, the terminalas the number of functional CNBDs is increased from
one to four. However, the increase is clearly nonlinear. 20–25 amino acids of the CNBD, which forms important
functional contacts with ligand in cyclic nucleotide-The voltage shift produced by the binding of one and
three cAMP molecules is considerably less than 25% gated (CNG) channels (Goulding et al., 1994; Varnum et
al., 1995), is critical for cAMP gating in HCN channelsand 75% of the maximal shift seen for wt channels.
To gain further insight into how subunits interact dur- (Wainger et al., 2001), and is a site of subunit interactions
in the bacterial cAMP binding protein, CAP (Weber anding ligand gating, we compared our results to the predic-
tions of three broad classes of models with different Steitz, 1987). We previously showed that HCN2 channels
lacking all four C helices, formed from mutant HCN2degrees of subunit cooperativity (see Experimental Pro-
cedures; Figure 4). First, we explored the Monod- monomers that lack this structure (C
), failed to re-
spond to cAMP (Wainger et al., 2001). We reasoned thatWyman-Changeux (MWC) cyclic allosteric model (Mo-
nod et al., 1965), an example of a 4-fold symmetric, if the C helix makes intersubunit contacts important for
ligand gating, wt-C
 tandem dimers (Figures 5A–5C)highly cooperative gating scheme, in which the four sub-
Neuron
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Figure 5. Hyperpolarization-Activated Currents Obtained from Tandem Dimers with a Deletion of the C Helix, the CNBD, and C Linker in the
Second Subunit
(A–C) Data for wt-C
 dimer channels in which the second subunit has a truncation that deletes the C helix (and the final 218 nonessential
residues C-terminal to it).
(A) Currents for wt-C
 dimer channels in the absence of cAMP in response to 3 s hyperpolarizations to indicated voltages.
(B) Currents from the same patch in the presence of a saturating concentration of 30 M cAMP.
(C) Mean tail current activation curves in the absence (A, closed circles) and presence (B, open circles) of cAMP, fitted with a Boltzmann
relation. The inset shows currents recorded during 1 s hyperpolarizations to135 mV before (0 cAMP) and during (cAMP) application of cAMP.
(D–I) Results from experiments carried out under similar conditions are shown for wt-CNBD dimers (D–F) and wt-Cterm dimers (G–I). The
cartoons show the transmembrane domains and subdomains of the C terminus for deletion mutants. See Figure 6A for cartoon legend. Scale
bars equal 0.5 s and 0.5 nA for wt-C
, 0.1 nA for wt-CNBD, and 50 pA for wt-Cterm. Scale bars in insets equal 0.5 s and 1 nA for wt-C

and 0.1 nA for wt-CNBD and wt-Cterm.
should generate channels with a more pronounced defi- cAMP gating? We previously found that HCN2 channels
formed from mutant monomers that lack the -roll do-cit in cAMP gating compared to wt-R591E channels, in
which the mutant subunit contains an intact C helix. main, in which a C-terminal truncation deleted the entire
CNBD (CNBD), formed channels that both failed toHowever, we found that tandem wt-C
 dimers formed
channels that exhibited a response to cAMP, Vmax  respond to cAMP and exhibited a20 mV positive shift
in their V1/2 relative to wt channels, similar to the shift8.6  0.5 mV (n  6), that was identical to that of wt-
R591E channels (Figures 5A–5C, 6B, and 6C). In the produced by cAMP (Wainger et al., 2001). This finding
led us to suggest that this region of the CNBD exertsabsence of cAMP, voltage gating of wt-C
 channels
was also normal. Thus, we conclude that the C helix a tonic inhibitory effect on gating that is relieved by
cAMP binding.participates in cAMP gating through subunit autono-
mous contacts, consistent with the HCN2 X-ray struc- To explore the possible function of subunit interac-
tions mediated by the -roll domain in either tonic inhibi-ture (Zagotta et al., 2003).
Do the remaining 100 amino acids of the CNBD pres- tion or relief of that inhibition by cAMP, we covalently
linked a wt HCN2 subunit with a CNBD subunit (wt-ent in the C
 subunits, which form the -roll domain
(comprised of a -roll flanked by the two short A and B CNBD, Figures 5D–5F). Channels lacking two out of
four CNBDs showed relatively normal hyperpolarization-helices), participate in subunit interactions important for
Cyclic Nucleotide Gating of HCN Pacemaker Channels
965
Figure 6. Tonic Inhibition and cAMP Modulation of Dimer Channels with C-Terminal Truncations
(A) Cartoons illustrate the transmembrane domains and subdomains of the C terminus for deletion mutants. The subdomains of the C terminus
are drawn according to the X-ray crystal structure (Zagotta et al., 2003): C linker, green; -roll, red; C helix, orange (inset). wt-C
, second
subunit truncated at start of the C helix (Y618-stop); wt-CNBD, second subunit truncated at start of CNBD (C helix plus -roll domain deleted)
(V562-stop); wt-Cterm, second subunit truncated at start of C-terminal cytoplasmic domain, three amino acids after the end of S6(D443-stop).
CNBD monomers lack the CNBDs (and all sequence C-terminal to the CNBDs) in all four subunits.
(B) V1/2 values are shown for different deletion mutants in the absence (closed circles) and presence (open circles) of cAMP (30–300 M). The
vertical dashed line indicates the V1/2 of wt channels.
(C) Vmax values are shown for different deletion mutants. The dashed line indicates the zero-effect level of cAMP.
activated currents and a significant response to cAMP, wt-Cterm dimers, in which the second subunit had its
entire cytoplasmic C terminus deleted (Figures 5G–5I).with a Vmax of 5.8  1.0 mV (n  19; Figure 6C), not
significantly different from the 8–9 mV shift produced Despite the presence of two intact CNBDs, the response
to cAMP was abolished in wt-Cterm channels (Vmax by cAMP in wt-R591E channels (p  0.09). Deletion of
two of the four CNBDs also shifted the voltage depen- 0.2 mV 0.8 mV, n 8; Figures 5G–5I and 6C). Further-
more, the basal voltage dependence of wt-Ctermdence of gating in the absence of cAMP by 8 mV
compared to wt channels (Figure 6B). This effect is con- channels was shifted by14 mV relative to wt channels,
indicating a substantial, but still incomplete, relief ofsistent with a partial relief of tonic inhibition. The magni-
tude of this effect, however, is much less than the 20 tonic inhibition (Figure 6B). Because wt-Cterm channels,
which failed to respond to cAMP, and wt-CNBD chan-mV shift seen in channels formed from four CNBD
monomers (Figure 6B), indicating that a sizable amount nels, which responded to cAMP, only differ in the ab-
sence or presence, respectively, of four intact C linkers,of tonic inhibition is still present in wt-CNBD channels.
From these results, we conclude that interactions be- we conclude that interactions mediated by neighboring
C linkers are required for cAMP modulation, but maytween CNBDs of neighboring subunits are not required
for either cAMP gating or tonic inhibition. This is consis- not be strictly necessary for tonic inhibition.
tent with the HCN2 X-ray structure, in which the CNBD
makes only subunit-autonomous contacts with its own Discussion
C linker (Zagotta et al., 2003).
The 80 amino acid C linker, a cytoplasmic region that These experiments provide the first direct determination
of the energetic contributions to gating of the bindingconnects the S6 transmembrane segment to the CNBD,
mediates almost all intersubunit contacts that form the of each of four individual cAMP molecule to a tetrameric
HCN channel. Our data clearly indicate that all four li-gating ring in the HCN2 crystal structure (Zagotta et
al., 2003). We therefore examined the importance of gand binding sites must be occupied by cAMP to
achieve a maximal enhancement of channel gating.intersubunit interactions mediated by the C linker for
both tonic inhibition and cAMP gating by constructing However, binding of even a single molecule of cAMP is
Neuron
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sufficient to produce a significant increase in channel channel conductance in the presence of TEA. Similar to
our findings for HCN and CNG channels, these authorsopening. Each successive bound ligand then produces a
nonlinear increase in the energetics of channel opening. found that activation of a single subunit by Ca2 was
sufficient to enhance channel opening and concludedImportantly, we found that channels with two functional
CNBDs showed a greater enhancement of gating when that each of four subunits contributed a stepwise degree
of cooperativity toward channel opening.the CNBDs were diagonally opposite one another (trans
configuration) than when they were adjacent to one an- Labarca et al. (1995) addressed the issue of subunit
cooperativity, but not ligand stoichiometry, for the pen-other (cis configuration). These data are consistent with
a quantitative model in which the four subunits interact tameric nicotinic acetylcholine receptors. The authors
mutated to serine a key leucine residue in the pore-as a dimer of dimers.
Our results additionally offer new insights into the lining M2 membrane segment, which slows desensitiza-
tion and increases sensitivity to agonist. With each addi-relation between the three-dimensional quaternary
structure of the ligand binding region of a channel and tional mutation, the concentration-response curve shifted
in a linear fashion, suggesting that each subunit madethe activation of that channel by ligand binding. We find
that whereas interactions among neighboring CNBDs an independent contribution to channel opening (La-
barca et al., 1995). However, this study did not directlyare not required for cAMP gating, an intact C linker gating
ring is absolutely necessary. Such results are consistent address the effects of ligand binding.
Some of the differences among previous studies con-with the crystal structure of the HCN2 C-terminal region
(Zagotta et al., 2003), in which the C linker, but not cerning ligand stoichiometry are no doubt due to differ-
ences in the fundamental gating mechanism of the dif-the CNBD, mediates subunit interactions that form the
tetrameric gating ring. This agreement strongly supports ferent channels under study. However, some of the
differences may be related to the indirect nature of thethe idea that the structure of this soluble portion of the
channel is functionally relevant to ligand gating in the methods previously used, which required certain un-
tested assumptions about the specificity of various mu-full-length channel.
The stoichiometry of ligand gating and the nature of tations or the specificity of actions of certain ligands.
In our approach here, we directly constrained the num-subunit interactions has been addressed previously for
several other types of channels. Two prior sets of studies ber of ligands bound per channel by introducing a point
mutation in the CNBD of defined subunits within a tan-reached different conclusions as to the stoichiometry
of ligand-gating energetics for the cyclic nucleotide- dem dimer or tetramer. Importantly, this point mutation
did not affect the basic energetics of channel opening,gated channels (Ruiz and Karpen, 1997, 1999; Liu et al.,
1998), whose C linker and CNBD are homologous to as judged by the normal voltage dependence of gating
in the absence of cAMP. The similarity of our results onthose of the HCN channels. Using heteromeric CNG
channels containing mixtures of subunits with mutated HCN channels with our previous results on CNG chan-
nels (Liu et al., 1998) provides strong support as to theCNBDs and subunits with wild-type CNBDs, our labora-
tory found that the relation between the number of li- validity of both sets of conclusions.
How can we reconcile our finding that full-lengthgands bound and channel activation was very similar to
the nonlinear relation observed here for HCN2, including HCN2 channels are regulated by cAMP through a dimer
of dimers gating scheme with the X-ray crystal structurethe difference in gating of trans and cis arrangements
(Liu et al., 1998). Indeed, these results initially led to of the soluble C-terminal domain of HCN2, which forms
a 4-fold symmetric gating ring in the presence of cAMPthe dimer of dimers model for CNG channel gating. In
contrast, Ruiz and Karpen (1997, 1999), using covalent (Zagotta et al., 2003)? One potential clue comes from
equilibrium sedimentation data showing that the solubletethering of light-activated cyclic nucleotide analogs,
concluded that a minimum of two CNG molecules were HCN2 C-terminal region can associate as a dimer in
the absence of cAMP and that cAMP binding promotesrequired to enhance opening. Binding of each of two
successive ligands further enhanced activation. tetramerization (Zagotta et al., 2003). Furthermore, elec-
tron microscopic image analysis of intact CNG channelsRosenmund et al. (1998) addressed the question of
ligand stoichiometry for the tetrameric AMPA-type glu- indicates that the four subunits associate as a dimer of
dimers in the absence of ligand (Higgins et al., 2002). Atamate receptors. They measured increasing levels of
single-channel activation during successive binding of fusion protein containing the CNG channel CNBD and
the DNA binding region from the bacterial cAMP bindingindividual agonist molecules following the slow dissoci-
ation of a competitive antagonist. Similar to Ruiz and protein, CAP, also indicates a dimeric association (Scott
et al., 2001). We therefore propose a model in which theKarpen’s conclusions for CNG channels (1997), Rosen-
mund et al. concluded that a minimum of two ligands C-terminal regions of the four subunits within an HCN
channel associate as a dimer of dimers in the absence ofwere necessary to enhance channel opening. Binding
of the subsequent two glutamate molecules caused a ligand; cAMP binding causes a structural rearrangement
that promotes the formation of the C linker gating ringfurther enhancement in channel opening.
Niu and Magleby (2002) recently investigated the li- (Figure 7). We further presume that formation of the
gating ring from a dimer of dimers enhances openinggand stoichiometry of the tetrameric large conductance
Ca2-activated K (BK) channels by co-expressing TEA- by relieving the inhibitory influence of the CNBD. An
alternative model that is consistent with our functionalinsensitive subunits and TEA-sensitive subunits that
contained a point mutation in a key site required for data is that the HCN channels may assemble as a 4-fold
symmetric structure both in the absence and presenceactivation by low intracellular Ca2 (but which did not
prevent Ca2 binding). The number of functional Ca2 of cAMP. However, cAMP gating may proceed through
an intermediate, 2-fold symmetric state.binding sites was then assigned based on the single-
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Experimental Procedures
Construction of Tandem Multimeric HCN2 Channels
Tandem dimers and tetramers of HCN2 subunits were constructed
with a defined order of functional and nonfunctional CNBDs. We
first introduced by PCR a unique restriction site, MfeI, in the back-
ground of the mouse HCN2 (wt) and HCN2/R591E (mut) clones be-
fore their stop codons and in-frame with an EcoRI site present 5
of the start codon in the polylinker of the pGHE expression vector.
Digestion of the HCN2 construct with MfeI and XbaI opened the
vector before the end of the coding sequence (wt channel). Next,
the HCN2/R591E channel sequence (mut channel) was isolated as
a 2.5 kb fragment by digestion with EcoRI and XbaI and ligated intoFigure 7. Model for cAMP Gating of HCN Channels
the wt subunit sequence. This generates a dimeric DNA constructThe CNBDs may form dimers in the absence of cAMP and produce
that encodes a wt-mut channel in which the two subunits are cou-a tonic inhibition of gating. Ligand binding is proposed to initiate
pled by a short peptide linker containing the amino acids 5-a structural rearrangement of the binding domains into a 4-fold
NSPFLA-3. The first subunit, which was cut with MfeI, lacks thesymmetric gating ring that relieves the channel domain from its
last two amino acids of its C terminus (NL). The same strategy wasinhibition. Subunits in the resting state are shown in green. Activated
used for mut-wt, wt-wt, and mut-mut dimers.subunits are in blue. One dimer is shown in light shades, the other
Ligation of an MfeI overhang to EcoRI replaces both restrictionin dark shades. cAMP is shown as the circles. In the reaction scheme
sequences by Tsp509I, and each dimer construct thus contains onlyat top, R refers to a dimer in the resting state and A refers to a
one MfeI site, located before its stop codon. This enabled us todimer in the active state. N is cyclic nucleotide.
make tetramer constructs by ligation of two dimer constructs using
the same strategy described above. For example, the wt-wt con-
struct was digested with MfeI and XbaI to open the vector before
Our results also provide new information as to the the end of the coding sequence. Next, the wt-mut construct was
isolated as a 5 kb fragment by digestion with EcoRI and XbaI andpotential role of subunit interactions in the effect of the
ligated into the channel sequence. This generates a wt-wt-wt-mutCNBD to inhibit voltage gating in the absence of cAMP
tetrameric DNA construct. The same strategy was followed to con-(Wainger et al., 2001). Since channels formed from wt-
struct mut-mut-mut-wt, wt-mut-wt-mut, mut-mut-wt-wt, wt-wt-wt-
Cterm dimers displayed a significant amount of residual wt, and mut-mut-mut-mut tetramers.
inhibition, formation of a dimer in the absence of cAMP To construct deletion dimers (wt-C
, wt-Cterm, and wt-CNBD),
may not be absolutely necessary for an isolated CNBD the previously described deletion monomers (Wainger et al., 2001)
were digested with EcoRI and XbaI and ligated into wt constructsto exert an inhibitory action. However, the extent of
cut with MfeI and XbaI.inhibition produced by a given CNBD is enhanced by
the presence of a C linker in a neighboring subunit. Thus,
Expression in Xenopus Oocyteswe observed a significantly greater degree of basal inhi-
All constructs were transcribed from SphI-linearized DNA using T7bition in channels formed from wt-CNBD dimers (which
RNA polymerase (Message Machine; Ambion, TX). The reactions
showed only an 8 mV disinhibition relative to wild-type were supplemented with GTP according to the manufacturer’s
channels) compared to channels formed from wt-Cterm guidelines to generate full-length transcripts of 5 kb (dimers) and
dimers (14 mV disinhibition). Since we previously found 10 kb (tetramers) DNA templates. The size of dimeric and tetrameric
cRNAs was verified on formaldehyde gels. 5–50 ng of cRNA wasthat channels assembled from four CNBD monomers
injected into Xenopus oocytes.or four Cterm monomers exhibited an identical and com-
plete relief of inhibition (Wainger et al., 2001; Wang et
Electrophysiological Recordingsal., 2001), the difference in basal inhibition between the
Currents from cell-free inside-out patches were recorded 3–6 days
two dimers does not reflect a direct action of the isolated after cRNA injection. Data were acquired using an Axopatch 200A
C linkers. The simplest interpretation of these results patch-clamp amplifier (Axon Instruments). Data were filtered at 1
is that in the absence of cAMP, dimeric interactions kHz using a 901F low-pass filter (Frequency Devices) and digitized
at 2 kHz using an ITC-18 interface (Instrutech) and Pulse softwarebetween neighboring subunits mediated by the C linker
(Heka Electronics). The pipette and bath solution were identical inenhance the efficiency of basal inhibition. Furthermore,
composition and contained (in mM): 107 KCl, 5 NaCl, 10 HEPES, 1because dimeric interactions may still be able to form
MgCl2, and 1 EGTA, pH 7.4 with KOH. An Ag-AgCl ground wire wasto some extent between diagonally opposed wild-type connected to the bath solution by a 3 M KCl agar bridge electrode.
subunits in channels formed from wt-Cterm dimers, Patch pipettes had a resistance of 1–4 M. Hyperpolarizing voltage
basal inhibition may necessarily require dimeric interac- pulses (3 s long) in 10 mV increments were applied to inside-out
patches from a holding potential of 40 mV. All recordings weretions mediated by neighboring C linkers.
obtained at room temperature (22C–24C).In this study, we have shown that subunit interactions
mediated by the C linker are required for cAMP regula-
Data Analysistion of channel opening in HCN2 channels. By integrat-
Activation curves were constructed using tail current amplitudesing our functional dissection of the energetic contribu-
measured upon return to 40 mV after 3 s hyperpolarizing steps.
tions of individual binding events with the X-ray structure Data were measured after decay of the capacitative transient by
of the HCN2 C terminus, we propose a model in which averaging tail current amplitudes during the plateau phase. These
current values were plotted as a function of the applied test voltagecAMP binding enhances channel opening by promoting
and fitted by the Boltzmann equation I  A1  A2/{1  exp[(V assembly of the 4-fold symmetric gating ring from a
V1/2)/s]}, in which A1 is the offset of the holding current, A2 is thestate in which the 4 subunits interact as a 2-fold symmet-
maximal tail current amplitude, V is the voltage during the hyperpo-ric dimer of dimers. The wide array of tetrameric chan-
larizing test pulse, V1/2 is the midpoint potential of activation, and snels that form dimers suggests that this may be a well- is the slope. Because the activation of HCN2 channels shifts by
conserved mechanism to couple ligand binding to the approximately 40 mV to more negative potentials after patch exci-
sion, we waited until two consecutively determined activation curvesopening of the channel pore.
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differed by only 1–2 mV under control conditions (usually 10 min gating of each individual subunit undergoes a voltage shift given
by V  s ln (KA/KR) (where A is the active state and R is the restingafter excision). Residual rundown during the time course of the
experiment was corrected by interpolation between V1/2 values de- state of a subunit). Thus, the probability that a channel with four
ligands bound is open is given bytermined before and after application of cAMP. The calculated shifts
in V1/2 values, V1/2, were averaged among different experiments.
Averaged data are indicated as mean  SEM. All data reported are
PA(4)   11  exp V  V1/2  Vs 
4
 {1/[1  L(V)  Ko /Kc]}4.from at least 3–4 different batches of oocytes.
The Hill equation was used to fit the cAMP concentration-
response data:
We calculated values for V1/2, V, and s by fitting a Boltzmann
V1/2  Vmax/{1  (K1/2/[cAMP])h}, relation to the fourth root of the experimental tail current activation
curve of wt channels in the absence or presence of saturating cAMP.in which V1/2 is the shift of the V1/2 value caused by application of
Finally, the open probability for HCN channels with n functionala given [cAMP], Vmax is the maximal shift caused by a saturating
binding sites (and [4n] nonfunctional binding sites) in the presenceconcentration of cAMP, K1/2 is the concentration of cAMP that
of saturating cAMP was derived from the product of the activationcauses a half-maximal shift, and h is the Hill coefficient. Statistical
state of the four individual subunits:analysis of differences between groups was carried out with Stu-
dent’s t test (two-tailed distribution and two-sample unequal
variance). PA(n)   11  exp V  V1/2  Vs 
n
  11  exp V  V1/2s 
(4n)
Model Fitting
The predictions of three models for cAMP-modulation of HCN chan-
To compare the predictions of the HH model with our experimentalnels were fully constrained and based on measurements of V1/2
V1/2 values, we fitted the predicted relations between P0, PA(n), andfor wild-type (four functional CNBDs) and mutant (zero functional
voltage with a Boltzmann function and then measured the shift inCNBDs) HCN2 channels in the presence of saturating concentra-
V1/2. Given our experimental result that V1/2  19.47 mV for n  4,tions of cAMP. No free parameters were necessary.
the model predicts that V1/2  5.02 mV for n  3, V1/2  2.79 mVMonod-Wyman-Changeux Model
for n  2, and V1/2  1.36 mV for n  1.In the cyclic allosteric model of Monod, Wyman, and Changeux
Dimer of Dimers Model(Monod et al., 1965), each of the four subunits undergoes a con-
This hybrid of the MWC and HH models was previously used tocerted allosteric transition between a single closed state and a single
describe results on CNG channel gating (Liu et al., 1998). The twoopen state. In the absence of ligand, this voltage-dependent gating
subunits that compose a dimer undergo a concerted MWC-like allo-reaction (C ↔ O) is characterized by L(V), the allosteric equilibrium
steric transition between the resting (R) and active (A) state and areconstant. All four subunits can each bind one molecule of cAMP in
described by a similar formalism to the MWC model, except thateither the closed (C↔AC) or the open (O↔ AO) state, with dissocia-
n  2. Similar to the Hodgkin-Huxley model, each of the two dimerstion constants Kc and Ko, respectively. Each subunit binds ligand in
that compose a channel activate independently, and both dimersan independent and equivalent manner. The model assumes that
must be in the active state for the channel to open. The open proba-ligand binds with higher affinity to a subunit in the active state than
bility of a channel in the absence of ligand is thus given byin the resting state (Ko  Kc). Therefore, the voltage-dependent
transition of the channel through the ligand bound pathway (AC ↔
AO) is energetically more favorable and is characterized by L(V)  PO   11  expV  V1/2s 
2
 {1/[1  L(V)]}2,
L(V)  Ko/Kc. The open probability of the channel in the absence of
ligand is given by
in which V1/2, s, and L(V) are parameters that describe the allostericPO  1/[1  L(V)] 
1
1  exp V  V1/2s 
.
gating transition for one dimer in the absence of ligand (determined
by fitting a Boltzmann relation to the square root of the tail current
activation curve). The binding of each of two ligands to a dimer
The open equilibrium at saturating concentrations of ligand with n causes a progressive voltage shift in the activation reaction for that
ligands bound is given by dimer, yielding a voltage shift of V  2 s ln (KA/KR), for a dimer
with two bound ligands. A dimer with one bound ligand undergoes
PA(n)  1/[1  L(V)  (Ko/Kc)n] 
1
1  exp V  V1/2  V1/2s 
. a voltage shift half as great (V/2). The open probability of a channel
with four ligands bound (two ligands to each of two dimers) is
given by
From this it follows that V1/2  s ln (Ko/Kc)n  s n ln (Ko /Kc).
This equation predicts a linear relationship between the number PO   11  expV  V1/2  Vs 
2
 {1/[1  L(V)  (Ko/Kc)2]}2.
of functional CNBDs and V1/2. Given our experimental observation
that V1/2  19.47 mV for n  4, then V1/2  14.60 mV for n  3,
V1/2  9.74 mV for n  2, and V1/2  4.87 mV for n  1.
The open probability of a channel composed of two dimers, eachHodgkin-Huxley Model
with one functional and one nonfunctional CNBD, in the presenceThis model assumes that each subunit separately undergoes an
of saturating concentration of ligand, is given byindependent, allosteric transition from the resting state to the active
state. A channel only opens if all four subunits have activated. This
model differs from the MWC model in that this transition occurs in PO   11  expV  V1/2  V/2s 
2
 {1/[1  L(V)  Ko/Kc]}2.a parallel rather than in a concerted manner. The probability that a
channel is open in the absence of ligand is given by
We calculated values for V1/2, V, and s by fitting a Boltzmann
PO   11  exp V  V1/2s 
4
 {1/[1  L(V)]}4, relation to the square root of the experimentally determined tail
current activation curves for wt channels in the absence and pres-
ence of cAMP. We can thus write the following equations for the
open probability of HCN channels with 0–4 functional CNBDs inin which V1/2, s, and L(V) are parameters that describe the voltage-
gating transition for a single subunit in the absence of ligand. We saturating cAMP as a product of terms describing the allosteric
transitions for each dimer, depending on whether it contains 0, 1,further assume that each subunit binds ligand independently of the
other subunits according to a cyclic allosteric scheme in which the or 2 functional CNBDs:
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